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Abstract: 
Resource competition theory (R* theory) predicts that the species with the highest efficiency (lowest resource 
requirements) will exclude all other species when competing over a single resource. This prediction contrasts the 
vast diversity in natural systems where there are often few limiting resources. We conjecture that this prediction 
is derived from the unrealistic assumption that all species acquire the same amount of the resource, i.e. equal 
exploitation. Here, we introduce to this theory the concept of preemption exploitation (a species’ ability to exploit 
resources before its competitors) and demonstrate that multispecies coexistence is possible when there is a 
tradeoff between resource use efficiency and preemption ability. Moreover, our model predicts a transition from 
efficiency dominated communities to preemption dominated communities with increasing resource availability. 
This new theory unifies many organism-specific mechanisms and tradeoffs into a single general tradeoff between 
preemption and efficiency that provides a mean of coexistence under resource competition.   
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MAIN 
Explaining the tremendous diversity of animals and plants is a major challenge1-8.  The leading theory of resource 
competition (hereafter the R* theory) predicts that the number of species in a given community cannot exceed 
the number of limiting resources1,9. This theory, pioneered by MacArthur10 and later developed by Tilman1, 
provides simple means for predicting the outcome of competition from a mechanistic description of resource 
exploitation. The R* theory predicts that resource depletion by competitors will lead to exclusion of all species 
but one, the most efficient species (efficiency is defined in terms of R*, the resource level of zero net growth). 
Additionally, this theory suggests that extinction can only result from competitive interactions, i.e. there is no 
possibility of extinction resulting from abiotic resource stress (but see11).  
A review of the R* theory has argued that the main success of the R* theory is in the conceptual frame of reference 
it has established rather than its predictions12 (but see13). The theory was supported in some aquatic microcosm 
studies9,14, but received little support outside the aquatic realm12,15,16. A possible explanation for this lack of 
evidence is that the theory does not consider the ability of many species to preempt resources before coming into 
contact with their competitors11,17-21 (hereafter preemption exploitation). In other words, the R* theory assumes 
that all species have equal access to the resources (hereafter equal exploitation). While equal access may be the 
case in aquatic microcosms, in nature, preemption exploitation is very common among animals (e.g. aggression) 
and plants (e.g. asymmetric light competition). For some of these systems, alternative, more realistic models of 
resource competition have been proposed18,21-28. Yet, these organism-specific models are lacking the simplicity, 
generality and analytical tractability that the R* theory possesses. Hence, despite criticisms over the years15,18,29,30, 
the R* theory and its extensions31 are still the most generic approach for studying resource competition32-36 and 
are an immanent part of any ecological textbook37,38. 
Here, we a build a simple model illustrating that preemption exploitation modifies the main predictions of R* 
theory and that many organism-specific tradeoffs are based on the same general principle. 
In our model, population change of the ith species is a Michaelis-Menten (Monod) function of resource availability: 
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where Ni is population size, di is mortality rate, p0,i is maximal reproduction rate, ki is half saturation constant and 
ri  is per-capita resource availability. We further assumed that there is a single limiting resource which is supplied 
at a constant rate to the system (and is not accumulated between time steps). Under equal exploitation, the resource 
supply (R0 ) is equally divided among all individuals of the q competing species (similar to Tilman’s model1):  
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Alternatively, under preemption exploitation (equation 2b) each species consumes the leftovers of the better 
preemptors:         
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Here, wi is the number of species with higher preemption ability than species i and uj is preemption coefficient. 
The preemption coefficient represents the (per capita) resource reduction by species j as experienced by a lower 
ranking species. As u increases, the amount of resource left by the preemptor species decreases. Biologically, u 
is affected by various organism-specific traits. For example, when the best preemptor is a tree species and the 
limiting resource is light, u is the amount of per-capita reduction in light availability for an understory species 
(inferior preemptor) affected by the leaf structure and canopy architecture of the tree.  
One common assumption of both equations 2a and 2b is power law density dependence i.e. resource availability 
decreases with density in a nonlinear manner (e.g. addition of a single tree reduces below-canopy radiation in a 
sparse forest much more than in a dense forest). This assumption is found in most types of resource competition 
models for ensuring that r is approaching zero under high density but cannot be negative.  
We investigate the model behavior under equal and preemption exploitation types and show that only the latter 
enables a stable coexistence of multiple species.  
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RESULTS 
We define R* as the per capita resource availability (ri) of zero net growth ( / 0idN dt   and Ni≠0, see appendix 
S1 for details). Low R* implies high capacity to withstand low resource availability (and high R* implies the 
opposite) and therefore R* can be viewed as an indicator of efficiency. R* is determined by a species’ half 
saturation constant (ki), maximum reproductive rate (p0,i) and mortality rate (di):  
 (3)  * 0,/i i i i iR k d p d   
Under equal exploitation, R* is the only attribute determining competitive outcomes, i.e. the species with the 
lowest R* competitively excludes all the others (Appendix S2). The equilibrium population size of this most 
efficient species is: 
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Population size is affected by both efficiency parameters (p, d and k) and the total resource flux (R0).  Alternatively, 
under preemption exploitation, the population size of the species with the highest preemption ability is:  
(5) N*preemptor=
0 0,( )i i
i i
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Equations 4 and 5 look identical but they relate to different types of species (most efficient in Eq. 4 and best 
preemptor in Eq. 5) that could differ in their parameter values. Moreover, under preemption exploitation, the 
equilibrium population size of an inferior preemptor species is (see Appendix S2):  
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The population size of an inferior preemptor (Ni*) is affected by its efficiency and by the resource, as well as 
negatively affected by the equilibrium population size (Nj*) of the wi species with higher preemption ability and 
their corresponding preemption coefficients (u).  A negative value of Ni* in equation 6 means that inferior species 
cannot persist within the community. However, since inferior preemptors do not affect the population size of 
superior preemptors, a newly introduced species with low preemption can invade a community of coexisting 
species as long as the following condition is satisfied (see Appendix S2): 
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In order to invade, a species needs high efficiency (as affected by pi, di and ki) relative to a preemptors’ ability to 
reduce resource levels (the expression in the denominator of the right hand side). The degree of resource reduction 
by better preemptors is affected by their efficiency (pj, dj and kj determining their population size) and their per 
capita preemption effect (uj).  Importantly, all multispecies equilibria resulting from the above inequality are 
locally stable (Appendix S4), i.e. a tradeoff between efficiency and preemption can lead to coexistence of an 
infinite number of species at a suitable parameter space. 
For a better understanding of the conditions for coexistence and dominance (i.e. which species has higher 
abundance), we investigated a simple two-species scenario. We assumed that the better preemptor has a higher 
half saturation constant (k) leading to lower efficiency (assuming all other parameters to be equal between the 
two species). Under this scenario (Fig. 1), dominance is affected by the difference between the efficiency ratio 
(k1/k2) and the preemption coefficient (u). When u exceeds the efficiency ratio, the efficiency advantage is not 
sufficient for the inferior preemptor to persist. When the efficiency ratio is slightly larger than the preemption 
coefficient (the difference is in the range [0,1]), the efficient species is able to persist although the preemptor is 
still dominant.  When the difference between efficiency ratio and preemption exceeds 1, the efficient species 
becomes the most abundant. 
Exclusion of the preemptor never occurs in our analytical model (Fig. 1) because the more efficient species has 
no effect on the preemptor. Moreover, in this analytic model (as in the R* model1) no species can go extinct 
without competition (i.e. as a direct result of low resource availability) and resource supply rate does not affect 
competitive outcomes. These unrealistic predictions are artefacts of using a deterministic modeling approach that 
neglects the discrete nature of individuals. In deterministic models, when the population size of a species is 
between zero and one, it is still not considered extinct. In the real world, however, population size is discrete and 
sensitive to demographic stochasticity when small.  
When demographic stochasticity is incorporated (Fig. 2) competition outcomes are also affected by resource 
supply (R0). The efficient species is more sensitive to extinction under high resource supply because of its smaller 
population size. Under low resource supply the preemptor is more extinction prone because of its lower population 
size (Fig. 3 lower panels, Fig. S1). Importantly, extinction of the preemptor under low resource supply is a purely 
abiotic phenomenon as this species is not affected by the inferior preemptor. 
  
7 
 
DISCUSSION 
Our model suggests that many species can coexist on a single resource under preemption exploitation. Preemption 
exploitation is a ubiquitous phenomenon for both plants and animals. Tall plants preempt light for shorter ones 
(‘size-asymmetric competition’19) while nutrient preemption is a common belowground phenomena22.  Similarly, 
aggression is widespread among animals39,40, leading to preemption of many resources. Below, we illustrate why 
viewing all these processes within a general framework of preemption theory clarifies differences and similarities 
among coexistence mechanisms and reconciles unexplained variation among theories. 
Models of animal competition include an interference term (for aggression as well as other phenomena) in 
addition to resource exploitation17,41,42. These models, however, often predict priority effects, i.e. the aggressive 
species excludes the efficient species by interference when it is more common but when the efficient species has 
higher density, it can deplete the resource level below the requirements of the aggressive one. These priority 
effects arise because such models assume that interference and resource exploitation have independent (additive) 
effects on population growth. Coexistence in such models is very rare and arises only when both heterospecific 
and conspecific interference operate simultaneously with the latter exceeding the former17. In contrast, 
coexistence in our model is derived from a simpler mechanism where the effects of aggression are mediated by 
resource exploitation, i.e. weaker species avoid using resources in the presence of more aggressive species and 
are constrained to using leftovers (see43 for an empirical example).  
Plant ecologists consider size-asymmetric competition for light as a main mechanism leading to species loss 
following eutrophication in grasslands21,44,45. Since size-asymmetric competition is a special case of preemption 
related to size19, it may seem surprising that within our model preemption provides more opportunities for 
coexistence than equal exploitation. While theoretically infinite number of species can coexist on a single resource 
(Appendix S2, S4), in natural systems there are many constraints limiting the ability of species to coexist under 
preemption exploitation. In the case of grassland species, they are rarely efficient enough to grow under low light 
levels and therefore size-asymmetric competition results in the extinction of short-statured species46,47. In forests, 
however, understory vegetation can persist despite light preemption by the trees.  
We use light competition between trees and understory species as an intuitive example for illustrating the 
biological attributes behind the conditions for coexistence (Fig. 3). The main condition for coexistence is that the 
tree species (preemptor) will not reduce the resource below a level that enables the understory species (efficient) 
to maintain a positive population size (equation 7). Coexistence is impossible in a dense forest without highly 
efficiently understory species (Fig. 3a). In some systems, however, high light use efficiency (e.g. low k due to 
low compensation point48) allows understory species to persist by consuming the light which is  unused by the 
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trees (Fig. 3b). Additionally, in some systems (savannas, open woodlands) low resource use efficiency of the trees 
(high R* as affected by k, p0 and d) leads to low population density. A smaller population of trees allows sufficient 
radiation for the persistence of herbaceous vegetation (Fig. 4c). Coexistence can also occur when the per-capita 
effect of trees on light availability (u) is small as affected by attributes such as leaf size and density as well as 
canopy architecture (Fig. 4d).  
Coexistence and relative abundance are also affected by the total resource supply (R0). Our simulations suggest 
that the efficient species will gain higher relative abundance under low resource availability while the preemptor 
will gain higher abundance under high resource availability (Fig. S1). Furthermore, these simulations show that 
abiotic resource stress can lead to extinction without invoking heterospecific competition (Fig 2). Importantly, 
heterospecific competition does not affect the preemptor which is excluded only because of abiotic resource stress.  
This pattern is commonly observed in nature49 but could not occur in the R* model. Furthermore, this pattern is 
in accordance with the conceptual model of the CSR life-history theory of plant communities11. The contradiction 
between resource competition theory and empirical patterns has long been the source of debate about the role of 
competition in unproductive environments15,29,50,51. Our model reconciles this controversy by showing that 
extinction under low resource level can occur with or without competition.  
Throughout the years, several models have highlighted tradeoffs that enable coexistence on a single resource28,52,53. 
However, these were proposed as organism-specific deviations from R* theory. We view each of these models as 
a special case of preemption-efficiency tradeoff, i.e. various biological mechanisms can lead to a negative 
relationship between efficiency and preemption ability.  The grazer-digger tradeoff (known also as ‘exploiter-
explorer’ or ‘cream-skimmer—crumb-picker’) suggests that animals with fast movement (i.e. grazers) are capable 
of reaching the resource preemptively before slow moving species (i.e. diggers) arrive. However, the more 
efficient diggers are able to persist on the leftovers53,54. Additionally, the body-size coexistence hypothesis52 
argues that large animals are more aggressive, which allows them to preempt resources, leaving only leftovers to 
smaller species, which are more efficient foragers. Likewise, the dominance-discovery tradeoff28 between 
aggressive behavior and foraging efficiency is another special case of the preemption-efficiency tradeoff. 
Similarly, the preemption-efficiency tradeoff is related to many tradeoffs among plants such as the height tradeoff 
(where increasing height allows light preemption but requires more allocation to stem thereby reducing 
photosynthetic efficiency55-57) and leaf-economy tradeoff (fast biomass growth enables preemption but reduces 
nutrient use efficiency)58.  
A common explanation for multispecies coexistence on a single resource is the competition-colonization tradeoff 
59-61 where the better ‘colonizer’ has higher capability of reaching empty sites while the ‘competitor’ is capable 
of displacing the colonizer. In these models, the ‘colonizer’ has a higher efficiency in using space, i.e. it can 
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reduce the resource (the number of empty sites in equilibrium) to lower levels than the ‘competitor’ while the 
latter is analog to the preemptor (being unaffected by the inferior competitor). Hence, the competition-
colonization tradeoff could be viewed as a special case of the preemption efficiency tradeoff for sessile organisms 
competing for space. This analogy, however, is not perfect because the two model types are implemented 
differently. While in competition-colonization models each individual uses one site (cell), in our model the 
resource is shared among individuals. Therefore, conditions for coexistence are qualitatively similar (high 
differences in efficiency between the more aggressive and the more efficient species) but quantitatively different62. 
Furthermore, our model is more mechanistic as it incorporates parameters such as preemption coefficient and half 
saturation constant with no analogs in competition-colonization models.  
In this paper we used a simple modeling approach to illustrate a general concept.  We have confirmed the 
generality of our conclusions by showing that an alternative preemption function produced very similar results 
(Appendix S5).  Nonetheless, our simple model raises many new questions that require more complex and system-
specific approaches. First, what determines the length of a preemption chain (e.g. number of layers in a forest or 
number of animal species consuming a carrion) in different systems? Second, how does spatial and temporal 
variability affect preemption exploitation? Third, what happens when multiple resources are involved in 
preemption exploitation? Answering these questions is a challenge for future extensions as well as empirical tests 
of this model. Given our findings of coexistence resulting from preemption-efficiency tradeoffs, a better 
understanding of preemption exploitation is essential for understanding and protecting biodiversity in any system. 
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METHODS 
We solved our analytical model for both preemption and equal exploitation types (see calculations in Appendices 
S1-S4) as well as under an alternative functional form of preemption (Appendix S5). Additionally, we 
investigated competition along a resource supply gradient (500 < R0 < 8,000) using numerical simulations that 
incorporate demographic stochasticity (based on Euler’s integration method, dt = 1). For the simulations, we 
investigated the model under different values of the preemption coefficient (u1). All simulations started with initial 
populations of 50 individuals for both species and ran for 2,000 time steps. The proportion of each competitive 
outcome and mean population size were calculated based on 500 replications for each resource level (other 
parameters: p = 0.05, d = 0.01).  Demographic stochasticity was incorporated by assigning the actual population 
size at time t to be a random number drawn from a Poisson distribution with a mean of Ni, where Ni is a decimal 
form of population size calculated by Eq. 1. In these simulations, extinction happens when the random number 
equals zero.     
 
Supplementary Information is available in the online version of the paper. 
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Fig. 1: Analytical results of competitive outcomes between two species, preemptor (N1) vs. efficient (N2). 
Dominance (higher relative abundance) and coexistence are determined by the difference between R* ratio (k1/k2) 
and the preemption coefficient (u1). 
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Fig. 2: Simulation results of competitive outcomes between two species, preemptor (N1, k1 = 1,000) and 
efficient (N2, k2 = 600) along a resource supply gradient (R0). (a) represents equal exploitation (species vary 
only in k) while (b) ~ (d) represent preemption exploitations (preemption-efficiency tradeoffs) with different 
levels of the preemption coefficient (u1).  Other parameters: p0 = 0.05, d = 0.01 for both species. 
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Fig. 3: Schematic illustration of the conditions for coexistence under preemption exploitation between trees 
(preemptor) and understory herbs (efficient). (a) Dense canopy of trees (as affected by p0 ,d and k) with high 
preemption coefficient (u) can prevent growth of understory species by reducing light availability. (b) Understory 
species can persist despite low light availability when having high light use efficiency (low R*). (c) Low tree 
density (as affected by p0, d and k) can enable persistence of understory species in the large gaps. (d) Low per-
capita preemption (u) by the trees (as affected by low canopy density in this example) can also allow persistence 
of understory vegetation.  
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Fig. S1: Simulation results of population size of two competitor species, preemptor (N1, k1 = 1,000) and 
efficient (N2, k2 = 600) along a resource supply gradient (R0). (a) represents equal exploitation (species vary 
only in k) while (b) ~ (d) represent preemption exploitations (preemption-efficiency tradeoffs) with different 
levels of the preemption coefficient (u1).  Other parameters: p0 = 0.05, d = 0.01 for both species.  
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Appendix S1 - Calculating R* 
R* is the resource level where net population growth is zero (mortality equals growth). In this paper we define 
R* in terms of per-capita resource availability (r) rather than in terms of total resource level in the system as in 
Tilman’s model1. This difference arises because in our model the resource is not accumulated over time, i.e. the 
resource level in the system is constant and equals the total resource supply (R0). Our assumption allows the 
incorporation of non-accumulated resources (such as light) and simplifies analyses. However, this assumption 
requires defining R* in terms of per capita resource availability (r) rather than total resource level, as the latter is 
constant. Moreover, an additional benefit of defining R* as we do here, is greater biological realism as growth 
rate is directly related to per capita resource availability (r) rather than total resource level. Using an indirect 
approach (i.e. total resource level) in Tilman’s model is reasonable under his equal exploitation assumption since 
the per-capita level (r) is linearly related to total resource level (calculated by dividing resource level by 
community size). However, our direct approach is necessary for preemption exploitation because the resource is 
partitioned unequally.  
Despite the above differences, conceptually the two definitions are very similar. In both cases, R* represents the 
degree of resource use efficiency (lower values imply higher efficiency). Moreover, in both cases the species with 
the lowest R* outcompetes all other species under equal exploitation (Appendix S2).  We calculated R* by 
assuming / 0idN dt   and Ni≠0: 
0, 0
i
i i
i i
r
p d
k r
 

, i.e. 
*
0, *
R
0
R
i i
i
p d
k
 

 since ri equals 
*
iR  at equilibrium: 
 * 0,/i i i i iR k d p d      equation S1-1  
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Appendix S2 - Multiple species competition  
Equal exploitation 
In this section, we demonstrate that the species with the lowest R* in the species pool excludes all other species 
under equal exploitation. For this aim we use invasion analysis where deterministic exclusion requires fulfilling 
two conditions: First, when the species with lowest R* is at a single species equilibrium, no other species should 
be able to invade (i.e. maintain a positive population growth rate when its density is close to zero). Second, when 
a species with a high R* is in a single species equilibrium, another species with lower R* will always be able to 
invade.   
Let species m be the resident (a species in equilibrium density, *mN ) and species i be the invader (a species in very 
low density, Ni~0). At equilibrium, the per-capita resource availability of the invading species (ri) is 
*
mR  (appendix 
S1) and therefore its net growth rate could be described by substituting ri with 
*
mR  in equation 1:  
At this point, species i has a population growth of 
*
0, *
i m
i i i
i m
dN R
N p d
dt k R
 
  
 
,  i.e. 
0,
0,
0,
/ ( )
/ ( )
m m m mi
i i i
i m m m m
k d p ddN
N p d
dt k k d p d
 
  
  
               equation S2-1 
which can be extended as  
0,
0,( )
i m m
i i i
i m m m m
dN k d
N p d
dt k p d k d
 
  
  
              equation S2-2 
and furtherly tranformed as  
0, 0,
0,
( ) ( )
( )
m m i i i i m mi
i
i m m m m
k d p d k d p ddN
N
dt k p d k d
   
  
  
            equation S2-3 
 
The above equation implies that positive population growth rate of species i ( 0i
dN
dt
 )  requires that
0, 0,( ) ( )m m i i i i m mk d p d k d p d   . By dividing both side in the expression 0, 0,( )( )i i m mp d p d   (which is always 
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positive),  we get 0, 0,/ ( ) / ( )m m m m i i i ik d p d k d p d   . The left side equals 
*
mR  and the right side equals 
*
iR  and 
therefore this inequality can be written as * *m iR R . This result implies that the condition for successful invasion 
is that the invader species would have a lower *R  compared with the resident species. In other words, the species 
with the lowest *R  in the species pool can exclude any species (regardless of initial conditions) because it is 
capable of invading a community of any other species but is itself resistant to invasion.  This finding illustrates 
that our model is conceptually similar to Tilman’s model1 under the assumption of equal exploitation, as in both 
cases the species with the lowest *R  excludes all other species. 
Preemption exploitation 
In this section, we calculate the equilibrium population size under preemption exploitation and demonstrate that 
every set of coexisting species can be invaded by a species with lower preemption ability than all other members 
as proof that an infinite number of species are able to coexist within a suitable parameter space.  
Assuming q competing species ranked from the best preemptor (species 1) to the poorest (q), the dynamic of the 
ith species is:  
0,
i i
i i i i
i i
dN r
N p d N
dt k r
 

                 equation S2-4 
by introducing  0
1
1
i i
j j ij
R
r
u N N




 (eq 2b) to the above equation, it can be furtherly extended as 
0
0, 1
01
i
i i i ii
i j j i ij
dN R
N p d N
dt k u N k N R


 
 
               equation S2-5 
 
There are q such equations for q species. The dynamics of each species is affected by its own parameters and by 
the parameters of superior preemptors. Equilibrium occurs when assigning dNi/dt=0 (equation S2-5 set to 0), thus 
the ith species has a population size of  
1* 0, 0 *
1
( ) ii i
i j jj
i i
p d R
N u N
k d



                       equation S2-6 
 
when i=1, the equilibrium population size of species 1 can be calculated: 
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   * 0,1 1 0
1
1 1
( )p d R
N
k d

                  equation S2-7 
when i=2, we can introduce equation S2-7 to equation S2-6, thus 
* 0,2 2 0 0,1 1 0
2 1
2 2 1 1
( ) ( )p d R p d R
N u
k d k d
 
           equation S2-8 
When i=3, population size of species 3 at equilibrium is  
* 0,3 3 0 * *
3 1 1 2 2
3 3
( )p d R
N u N u N
k d

              equation S2-9 
 which can be furtherly expanded as 
* 0,3 3 0 0,2 2 0 0,1 1 0 0,1 1 0
3 2 2 1 1
3 3 2 2 1 1 1 1
( ) ( ) ( ) ( )p d R p d R p d R p d R
N u u u u
k d k d k d k d
   
           equation S2-10 
              
which can be simplified as 
* 0,3 3 0 0,2 2 0 0,1 1 0
3 2 2 1
3 3 2 2 1 1
( ) ( ) ( )
(1 )
p d R p d R p d R
N u u u
k d k d k d
  
                   equation S2-11 
 
Similarly, we can calculate species 4’s population size 
* 0,4 4 0 0,3 3 0 0,2 2 0
4 3 3 2
4 4 3 3 2 2
0,1 1 0
3 2 1
1 1
( ) ( ) ( )
(1 )
( )
(1 )(1 )
p d R p d R p d R
N u u u
k d k d k d
p d R
u u u
k d
  
   

  
equation S2-12 
More generally, the population size of the ith  species  (i>1) at equilibrium can be represented as 
1 1
0, 0* 0, 0
1
1
( )( )
(1 )
i i
j ji i
i m j
j m ji i j j
p d Rp d R
N u u
k d k d
 

 

  
     ,  1-um+1=1   if  m≥ i-1 
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Therefore, any community with q coexisting species (ranked by their preemption ability from 1 to w, when 
w is substituting i -1 in previous steps for consistency with the main text), a new species with lower 
preemption ability (i) can invade when satisfying the condition below (calculated by assigning N*>0): 
0,
0,
1
1
(1 )
i i
i i
i w w
j j
i m j
j m j j j
p d
k
p d
d u u
k d

 



         equation S2-13 
 
In other words, preemption exploitation enables coexistence of infinite number of species under a suitable 
parameter space.  
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Appendix S3 - Two species competition  
 In this appendix, we investigate the conditions for dominance (i.e. which of the species has higher abundance) 
and exclusion in a two species community where species 1 (N1) has higher preemption ability and higher k 
compared with species 2 (N2), all else being equal. 
The population sizes of species 1 and species 2 at equilibrium are * 0,1 1 0
1
1 1
( )p d R
N
k d

  and 
* 0,2 2 0 0,1 1 0
2 1
2 2 1 1
( ) ( )p d R p d R
N u
k d k d
 
   , respectively. 
1) if N2≤0, i.e. 
1 1 0,2 2
1
2 2 0,1 1
( )
( )
k d p d
u
k d p d



, then species 2 goes extinct. Thus, in this case, species 1 excludes species 2; 
2) if N1>N2>0, i.e. 
1 1 0,2 2 1 1 0,2 2
1
2 2 0,1 2 2 2 0,1 2
( ) ( )
1
( ) ( )
k d p d k d p d
u
k d p d k d p d
 
  
 
 , then species 1 dominates the community; 
3) if N1<N2, i.e. 
1 1 0,2 2
1
2 2 0,1 1
( )
1
( )
k d p d
u
k d p d

 

, then species 2 dominates the community. 
For simplicity, assuming species 1 and species 2 have the same population growth rate and mortality rate, then 
the solution can be further simplified as below: 
1) if N2≤0, i.e. 
1
1
2
k
u
k
  , then species 2 goes extinct. Thus, in this case, species 1 excludes species 2; 
2) if N1>N2>0, i.e. 
1 1
1
2 2
1
k k
u
k k
    , then species 1 dominates in the community; 
3) if N1<N2, i.e. 
1
1
2
1
k
u
k
  , then species 2 dominates the community.  
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Appendix S4 - Stability of multispecies equilibrium points 
The local stability of a multispecies equilibrium point is determined by the eigenvalues of the Jacobian matrix, 
where the element in the ith row and the jth column of the matrix, ,i jq , is 
                        equation S4-1                                                              
and where /i if dN dt  , and where
*|  means the expression is evaluated at equilibrium. Because the dynamics of 
a superior preemptor are unaffected by the presence of an inferior preemptor, ,i jq  = 0 for j > i. This means that 
the Jacobian matrix is triangular, i.e., has a triangular wedge of zeros above the principal diagonal (where the 
principal diagonal is composed of the elements ,i jq , with i = j). The eigenvalues of such a triangular matrix are 
just the elements of the principal diagonal63, i.e., they are the terms ,i iq , for i = 1, …n. There are as many 
eigenvalues as there are species. Because the addition of an inferior preemptor (with higher efficiency) does not 
influence the dynamics of superior competitors, the addition of such species does not change the eigenvalues 
associated with the superior competitors. Thus, each species has a particular eigenvalue associated with it. This 
value depends on the traits of this species and of all species that are superior preemptors compared to it. As before, 
assume that the equilibrium population size of the species are 
*
1N , 
*
2N ,…
*
nN ,. Then the partial derivative of if  
with respect to iN  is:  
          
1
01
0, 0 1 2
01
( )
i
i j jji
i ii
i i j j i ij
k u N Rf
p R d
N k u N k N R





 
  


               equation S4-2 
 To evaluate this at equilibrium, it is necessary to replace population size of superior species ( jN , j=1,…i-1) with 
their equilibrium population size, 
*
jN   , that allows species i to attain its equilibrium population size, 
*
iN . These 
values are derived by setting / 0idN dt   in equation S2-5 (Appendix S2):  
           
1 * * 0, 0
01
i i
i j j i ij
i
p R
k u N k N R
d


                     equation S4-3 
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In order to obtain the eigenvalues of the Jacobian matrix, it is necessary to substitute the Equation S4-3 into 
Equation S4-2. After rearrangement of terms, this yields the equation for the eigenvalue associated with 
equilibrium population size of the ith species, 
*
iN , where 
         
2
*
0, 0
i i
i i
i
k d
N
p R
  
                equation S4-4 
If a habitat contained a single species, the only eigenvalue would be * 2 0, 0/ ( )i i i i iN k d p R    , which is always 
negative as long as the species exists in the habitat (
*
iN  > 0), which means its equilibrium point is stable. 
Substituting the equilibria requirement that *1 0 0,1 1 1 1( ) / ( )N R p d k d   , gives the result that 
1 1 0,1 1 0,1( ) /d p d p     . For a habitat with two species, there are two eigenvalues, 
1 1 0,1 1 0,1( ) /d p d p                     equation S4-5 
2 2 2 1
2 0,2 2 0,1 1
0,2 1 1
( ) ( )
d k d u
p d p d
p k d

 
     
              equation S4-6                           
1 is always negative, the positive/negative sign of 2 depends on the bracketed value, and the two-species 
equilibrium point is locally stable when 2 2 10,2 2 0,1 1
1 1
( ) ( ) 0
k d u
p d p d
k d
     (i.e. 
*
2N  > 0) . Indeed, as indicated in 
Equation S4-4, all eigenvalues are negative, indicating that all multispecies equilibrium points defined by the 
model are locally stable, as long as 
* *
1 ,..., 0nN N  .  
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Appendix S5 – Alternative modeling approach 
Here, we investigate an alternative approach for modeling preemption exploitation with the goal of testing the 
robustness of our conclusions to our model design.  
We replaced equation 2b in the main text with the following equation: 
1
0 1
i
j jj
i
i
R u N
r
N





  . This equation 
assumes a linear (rather than power law) effect of preemptor density on per capita resource availability. The 
meaning of u here is conceptually similar to u in equation 2b (the per capita effect of individual preemptor on 
per-capita resource availability of inferior competitor) but quantitatively different (because of the different 
functional forms of the two equations). 
Below, we calculate population size at equilibrium (as in Appendix S2) and the conditions for coexistence and 
dominance (as in Appendix S3). Later, we present results of a numerical simulation using the alternative modeling 
approach (similar to Fig. 2 in the main text but using the alternative function).  
 
Multiple species competition under preemption exploitation   
Assuming q competing species ranked from the best preemptor (species 1) to the poorest, the dynamic of the ith 
species is:  
0,
i i
i i i i
i i
dN r
N p d N
dt k r
 

                          equation S5-1 
by introducing   
1
0 1
i
j jj
i
i
R u N
r
N





  to equation S5-1, it can be furtherly extended as 
1
0 1
0, 1
0 1
i
j jji
i i i ii
i i j jj
R u NdN
N p d N
dt k N R u N





 
 


            equation S5-2 
 
There are q such equations for q species. The dynamics of each species is affected by its own parameters and by 
the parameters of superior preemptors. Equilibrium occurs when assigning dNi/dt=0, thus the i
th species has a 
population size of  
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                         1* 0, *0 1
( ) ii i
i j jj
i i
p d
N R u N
k d



                  equation S5-3 
 
when i=1, the equilibrium population size of species 1 can be calculated: 
 
           * 0,1 1 0
1
1 1
( )p d R
N
k d

                            equation S5-4 
when i=2, we can introduce equation S5-4 to equation S5-3, thus 
    * 0,2 2 1 0,1 1 0
2 0
2 2 1 1
( ) ( )p d u p d R
N R
k d k d
  
  
 
             equation S5-5 
When i=3, population size of species 3 at equilibrium is  
                   2* 0,3 3 *3 0 1
3 3
( )
j jj
p d
N R u N
k d 

                     equation S5-6 
 which can be furtherly expanded as 
        
* 0,3 3 0 0,1 1 0 0,2 2 1 0,1 1
3 0 1 2
3 3 1 1 2 2 1 1
( ) ( ) ( ) ( )
1
p d R p d R p d u p d
N R u u
k d k d k d k d
     
     
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 equation S5-7 
              
which can be simplified as 
* 0 0,3 3 1 0,1 1 2 0,2 2
3
3 3 1 1 2 2
( ) ( ) ( )
1 1
R p d u p d u p d
N
k d k d k d
    
    
  
            equation S5-8 
Similarly, we can calculate species 4’s population size 
 3* 0,4 4 *4 0 1
4 4
( )
j jj
p d
N R u N
k d 

                     equation S5-9 
this equation can be expanded as 
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0 0,1 1 0 0,2 2 1 0,1 1
0 1 2
1 1 2 2 1 1* 0,4 4
4
4 4 0 0,3 3 1 0,1 1 2 0,2 2
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3 3 1 1 2 2
( ) ( ) ( )
1
( )
( ) ( ) ( )
1 1
R p d R p d u p d
R u u
k d k d k dp d
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k d R p d u p d u p d
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k d k d k d
    
    
   
     
      
   
  equation S5-10 
which can be simplified as 
* 0 0,4 4 1 0,1 1 0,2 2 0,3 3 1 0,1 1 2 0,2 2
4 2 3
4 4 1 1 2 2 3 3 1 1 2 2
( ) ( ) ( ) ( ) ( ) ( )
1 1 1 1
R p d u p d p d p d u p d u p d
N u u
k d k d k d k d k d k d
           
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      
   
equation S5-11 
i.e. * 0 0,4 4 1 0,1 1 2 0,2 2 3 0,3 3
4
4 4 1 1 2 2 3 3
( ) ( ) ( ) ( )
1 1 1
R p d u p d u p d u p d
N
k d k d k d k d
      
      
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   equation S5-12 
The population size of species i (i>1) at equilibrium can be represented as  
     
1 0,* 0 0,
1
( )( )
1
i j j ji i
i j
i i j j
u p dR p d
N
k d k d


 
   
 
         equation S4-13 
This equation implies that for any community of i-1 coexisting species, a new species with lower preemption 
ability can invade when satisfying the condition below (calculated by assigning N*>0): 
1 0,0 0,
1
( )( )
1
i j j ji i
i j
i j j
u p dR p d
k
d k d


 
   
 
                equation S5-14 
 
Therefore, an infinite number of species can coexist within a suitable parameter space in this alternative modeling 
approach. 
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Two species competition 
Focusing on a two species case, we can calculate the conditions for dominance (i.e. the species with higher 
abundance). As in appendix S4, we assume that species 1 has a higher preemption ability and a higher k value 
compared with species 2, all else being equal, the only difference being the alternative preemption equation.   
Thus, population size of species 1 and species 2 at equilibrium are 0,1 1 0
1 1
( )p d R
k d

and  
0,2 2 0 1 0,1 1
2 2 1 1
( ) ( )
1
p d R u p d
k d k d
  
 
 
respectively. 
Assuming species 1 and species 2 have the same population growth rate and mortality rate, then the solution can 
be further simplified as below: 
1) if N2≤0, i.e. 
𝑘1
𝑢1
≤
𝑝0−𝑑
𝑑
, then species 2 goes extinct. Thus, in this case, species 1 outcompetes species 2. 
2) if N1>N2>0, i.e. 
𝑘1−𝑘2
𝑢1
<
𝑝0−𝑑
𝑑
<
𝑘1
𝑢1
  , then species 1 dominates the community. 
3) if N1<N2, i.e. 
𝑝0−𝑑
𝑑
<
𝑘1−𝑘2
𝑢1
 , then species 2 dominates the community.  
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Numerical simulation 
We investigated the model using numerical simulations as in the main text with the only difference is assuming  
1
0 1
i
j jj
i
i
R u N
r
N





 instead of equation 2b (Fig. S2).  The results are very similar to Fig 2 thereby demonstrating 
the robustness of our results to our specific modeling choices.   
 
Fig. S2: Simulation results of competitive outcomes between two species, preemptor (N1, k1 = 1,000) and 
efficient (N2, k2 = 600) along resource supply gradient (R0) using alternative preemption function. The 
upper panels represent average population size of duplicated simulations at each resource level under 
multiple scenarios (equal exploitation verses preemption with various preemption coefficients), while the 
lower panels represent the percent of competition outcomes resulting in exclusion and coexistence.  Other 
parameters: p = 0.05, d = 0.01 for both species. Note that the values of u1 are not comparable to the values 
in Fig. 2 of the main text because of the different functional form of the equations.   
